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EXPLANATORY NOTE 

Presentation Version 

This report consists of reproductions of slides and 
motion picture captions comprising a presentation given 
at the Third ICRPG/AIAA Solid Propulsion Conference in 
Atlantic City, New Jersey on June 4-6, 1968. As such it 
does not include the verbal explanations that accompanied 
the slides. No manuscript was prepared for the Conference. 
However, previous publications by the same authors on the 
subject are available on request. It is hoped that, des- 
pite the terseness of this document, it will serve as a 
useful summary of the new material presented at the Con- 
ference. Work on this topic is still continuing and a 
later report will include revisions of these results along 
with new results. 
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T h i s  p a p e r  w i l l  i n c l u d e :  

1. P h y s i c a l  model and  t h e o r y  o f  motor  t r a n s i e n t .  

2 .  Theory  o f  s p r e a d i n g  o f  f l ame  o v e r  p r o p e l l a n t .  

3 .  Review o f  p r e v i o u s  work on  t r a n s i e n t  p r e d i c t i o n .  

4 . -  P r e d i c t i o n s  o f  motor  t r a n s i e n t s  based  on ( 1 )  and ( 2 9 .  

5 .  Motor f i r i n g s  w i t h  non-a l i imin ized  AP/PBAA p r o p e l l a n t  
and co inpar i son  w i t h  p r e d i c t i o n s .  

Continued on next page.  



6 .  Hangf i res :  comparison o f  t e s t s  w i th  p r e d i c t i o n s .  

7 .  Motor  f i r i n g s  wi th  aluminized v s .  non-aluminized 

8 .  F i r i n g s  wi th  s t a r  g r a i n s ,  g a s - l e s s  i g n i t e r s ,  e t c .  

9 .  Fu ture  problems - -  a p p l i c a t i o n  t o  more r e a l i s t i c  

,4t- t h e  end ( 1 0  minutes)  : 

p r o p e l l a n t .  

motors .  

Movies o f  f lame spreading  coupled wi th  motor 
t r a n s i e n t s .  
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SCHEMATIC REPRESENTATION, 
FLAME SPREADING P H A S E  OF 

IGNITION INTERVAL 

BEFORE IGNITION 
/ 

/' 

SUCCESSIVE POSITIONS OF SURFACE F L A M E  
A F T E R  S T A R T  OF I G N I T I O N  

I 
A - F I R S T  

V I S I B L E  
FLAME 

, V I S I B L E  SURFACE F L A M E  

C - A L M O S T  
F U L L Y  
I G N I T E D  
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PRESSURE TRANSIENT DURING 
IGNITION OF TEST MOTOR 

CHAMBER 
PRESSURE 

TIME, SEC 

COMPLETION OF 
FLAME SPREADING 

I I I I 
FLAME SPREADING 

I 
FIRST APPEARANCE OF FLAME 
8 END OF TORCH FIRING 

STEADY FLOW PRIOR TO 
MAIN GRAIN IGNITION 
FIRING OF IGNITER TOR,CH 
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SOLID PHASE HEAT-UP 

Simpl-ifying Assumptions: 

The convec t ive  term n e g l i b l e  du r ing  t h e  
i g n i t i o n  i n t e r v a l .  

The p r o p e l l a n t  i s  completely i n e r t  u n t i l  a 
c r i t i c a l  i g n i t i o n  temperature  i s  reached. 

Above the c r i t i c a l  s u r f a c e  tempera ture  t h e  burnina 
J 

r a t e  i s  d i c t a t e d  by t h e  s teady-  s t a t e  equa t ion ,  
r=ap 

Reduced Equation: 

ai- ' i y L  
e 

i n  the s u r f a c e  region w i l l  be re - in t roduced  la ter .  



Boundary Condit ions:  

c 

The heat d i f f u s i o n  equat ion  and the boundary 
c o n d i t i o n s  are so lved  t o  o b t a i n  the p r o p e l l a n t  s u r f a c e  
t empera tu re ,  

Ts = T 0 
+ d t  

16 



EQUATIONS FOR HEAT FLUX A T  SURFACE 

The assumption i s  made t h a t  r a d i a t i v e  h e a t  
t r a n s f e r  t o  t h e  p r o p e l l a n t  g r a i n  can be ignored.  
Only convec t ive  h e a t  t r a n s f e r  i s  cons idered .  

The v a r ' a t i o n  of t h e  boundary l a y e r  f i l m  
c o e f f i c i e n t , & ,  i s  found from an e m p i r i c a l  N u s s e l t  
number - Reynolds number c o r r e l a t i o n .  

T i s  taken a s  c o n s t a n t  downstream along t h e  
motor $ i s ,  b u t  vary ing  wi th  t i m e .  



SELF HEATING 

I t  w a s  p r e v i o u s l y  assumed t h a t  t h e  p r o p e l l a n t  
i s  completely i n e r t  u n t i l  a c r i t i c a l  i g n i t i o n  
tempera ture  i s  reached.  

This is an obvious o v e r s i m p l i f i c a t i o n .  A s  w i l l  
be seen  l a t e r ,  marginal  i g n i t i o n  s i t u a t i o n s  cannot  be 
p r e d i c t e d  a c c u r a t e l y  wi th  t h i s  model. a 

An a l t e r n a t e  a s s u m p t i o n  was t r i e d ,  t h a t  energy 
i s  r e l e a s e d  a t  t h e  p r o p e l l a n t  s u r f a c e  wh i l e  the s u r f a c e  
tempera ture  i s  s t i l l  below the i g n i t i o n  tempera ture  
accord ing  t o  a law: 

The boundary c o n d i t i o n s  now become 

The  e f f e c t  of th i s  se l f  h e a t i n g  t e r m  i s  shown on page 30. 
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Explana t ion  of Series D 

The D series of f i r i n g s  was in t ended  t o  d i s p l a y  the ef- 
fects of va ry ing  the s i z e  of the motor exhaus t  nozz le  systema- 
t i c a l l y  w h i l e  other d e s i g n  parameters  w e r e  h e l d  c o n s t a n t .  A 
choice w a s  m a d e  of t h e  magnitude of  the i g n i t e r  f low and dura-  
t i o n ,  and these were held cons t an t .  

This systematic v a r i a t i o n  of nozz le  t h r o a t  d i ame te r ,  
from s m a l l  t o  l a r g e ,  w a s  expected t o  show cor responding  sys-  
tematic changes i n  the f i n a l  e q u i l i b r i u m  p r e s s u r e ,  from high 
t o  l o w .  It can be seen  i n  the fo l lowing  pressure- t ime t r a c e s  
of t h i s  series, t h a t  th is  expec ta t ion  w a s  f u l f i l l e d .  

However, some i r r e g u l a r  behav io r  showed up i n  the traces 
for  the f i r i n g s  w i t h  the l a r g e s t  nozz le s .  Upon examinat ion 
of t h i s  s i t u a t i o n ,  it w a s  concluded t h a t  t h i s  r e s u l t e d  f r o m  
t h e  choice of an i g n i t e r  i npu t  ( m a s s  f l o w  and d u r a t i o n )  t h a t  

-was  very  close t o  the marginal  requi rement  f o r  prompt i g n i -  
t i o n .  Under such c i rcumstances ,  w h i l e  the f i r i n g s  w i t h  the 
smaller n o z z l e s  r e s u l t e d  i n  a c c e p t a b l e  pressure- t ime t r a c e s ,  
the f i r i n g s  w i t h  the l a r g e r  nozz le s  showed the e r ra t ic  be- 
havior i n d i c a t i v e  of a n  i g n i t i o n  i n p u t  tha t  i s  margina l .  

P 

F u r t h e r  v e r i f i c a t i o n  of the i n t e r p r e t a t i o n  t h a t  I 3  i s  
p a r t i c u l a r  choice of i g n i t e r  f l o w  and d u r a t i o n  was marg ina l  
i s  provided by  the appearance of some unexpected h a n g f i r e s  
i n  the Series, du r ing  the t e s t  f i r i n g  program. These un- 
expec ted  h a n g f i r e s  are shown on page 32. There w a s  no  
change i n  the f i r i n g  c o n d i t i o n s  f o r  the t r a c e s  shown on 
page 32  as compared w i t h  t h e  t r a c e s  shown on page 31. The 
i n t e r p r e t a t i o n  i s  c l e a r ,  t h a t  the i g n i t i o n  exposure w a s  
marg ina l .  A s  may be expected i n  a margina l  s i t u a t i o n ,  the 
f i r i n g  behav io r  i s  sometimes normal, and i n  such normal s i t u a -  
t i o n s ,  it was found tha t  the  exper imenta l  f i r i n g  t r a c e  c a m e  
close tro the theoretical  p r e d i c t i o n  f o r  t h a t  s i t u a t i o n .  
Such agreement i s  shown on the f i g u r e  on page 33. 

That the chosen exposure w a s  indeed margina l  was de- 
mons t ra ted  t h e o r e t i c a l l y  by c a r r y i n g  o u t  the computer pre-  
d i c t i o n  w i t h  a 10% smaller i g n i t e r  m a s s  f low than  t ha t  
s t a n d a r d i z e d  f o r  Series D. T h e  d r a s t i c  e f fec t  of so s m a l l  
a ' r e d u c t i o n  i n  the i g n i t e r  mass f low i s  shown i n  the f i g u r e  
on page 34.. The s t a n d a r d  exposure i s  computed t o  produce a 
normal i g n i t i o n ;  however, the 10% weaker exposure r e s u l t s  i n  
a h a n g f i r e .  I t  i s  obvious t h a t  the  chosen m a s s  f l o w  and d in-  
a t i o n  w e r e  marg ina l  for  t h i s  motor. 

From o b s e r v a t i o n  of t he  normal-appearinq cu rves  on page 31, 
it appea r s  t h a t  enlargement of the exhaus t  nozz le  does n o t  
s t re tch o u t  t h e  induc t ion  per iod  b u t  it slows down the r ise 



of pressure from the s t a r t  of grain burning t o  the f i n a l  
equilibrium level .  That the induction period i s  unaffected 
by enlargement of the exhaust nozzle follows theor .e t ical ly  
from the f a c t  t h a t  the heat f lux i n  the preigni t ion i n t e r v a l  
i s  not dependent on the pressure level :  the slowing down of 
the  r i s e  of pressure a f t e r  the  induction in t e rva l  r e s u l t s  
from the lower r a t e  of burning associated with the enlarged 
exhaust nozzle. 
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Effec t  of Addition of A l u m i n w  on the  Iqni t ion Transient. 

I f  one s e t s  as ide f o r  the moment possible unpredictable 
combustion e f f e c t s  caused by aluminum, t he  presence of pow- 
dered aluminum may be expected t o  a f f e c t  the  pressure-time 
t r ace  i n  several  predictable  ways. The f i r s t  and most obvi- 
ous is  t h a t  the  presence of powdered cll-uminum increases the  
thermal d i f f u s i v i t y  of the  sol id  propellant;  t h i s  would a c t  
t o  slow down the r i s e  of surface temperature a t  any given 
point  on the propel lant  gra in  and thus s l o w  down the r a t e  
of flame spreading. I n  addition the  presence of aluminum 
changes both the burning r a t e  and tbe pressure exponent. 
What these changes a re  depends on whether the aluminum i s  
added a t  the expense of ammonium perchlorate,  a t  the expense 
of f u e l ,  or  a t  the expense of both. For the  comparative f i r -  
ings reported i n  t h i s  paper, the aluminum was added la rge ly  
a t  the  expense of the perchlorate, although some of the f u e l  
was a l s o  removed. The percentages of the three components 
for t h e  two propel lants  a r e  shown a t  t he  top of the  tab le  i n  
the  f igure  on page 3 5 .  The burning r a t e  exponent was de- 
pressed from 0.40 t o  0 . 2 7  i n  the range of pressure applicable 
t o  t h i s  t r ans i en t ,  At the  same time, a s ign i f i can t  change 
was observed i n  the burning r a t e  of the propellant (measured 
i n  a s t rand burner ) ,  the  value r i s i n g  from 0.09 in/sec a t  
t he  pre igni t ion  pressure of 40  psia  t o  0 . 1 2  in/sec a t  the 
same pressure. Thus, the  addition of alwninum made the pro- 
p e l l a n t  burn more ac t ive ly  i n  the lower range of pressure 
corresponding t o  the preigni t ion in te rva l .  

I n  the pa r t i cu la r  f i r i n g  comparison reported i n  t h i s  
paper, the dominant f ac to r  seemed t o  be the increase i n  t he  - 
burning r a t e  a t  the lower level  of pressure. A s  a r e s u l t  
t he  t r ans i en t  became shorter .  I f  we had been able t o  hold 
the burning r a t e  curve unchanged, then the e f f e c t  of aluminum 
addi t ion would have been t o  delay o r  s t r e t c h  out the ign i t i on  
t r a n s i e n t ,  

When the  t e s t s  of aluminized propel lant  were extended t o  
form Ser ies  E ,  (page 35) t o  t e s t  the  e f f e c t  of systematic 
var ia t ion  of exhaust nozzle diameter, the  same s c a t t e r  observed 
i n  Ser ies  D (see page 31A) occurred i n  this  Series .  Some of 
the  f i r i n g  t races  came out normal, and from these t h s  e f f e c t  
of aluminum.addition w a s  deduced. However, for  the enlarged 
nozzles leading t o  marginal igni t ion s i tua t ions ,  considerable 
s c a t t e r  was encountered, b u t  it was not u n t i l  a f t e r  the e n t i r e  
t e s t  s e r i e s  was completed tha t  it was rea l ized  t h a t  t h i s  scat-  
ter had nothing t o  do w i t h  the aluminization of the  propel lant  
b u t  r a the r  with the  par t icu lar  choice of a marginal ign i t ion  
exposure. 
is the  same, therefore ,  as f o r  the s e t  on page 3 1 .  

The i-nterpretation of the s e t  of curves on page 3 5  
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I n  c o n c l u s i o n ,  w e  have shown t h a t  : 

1. We have  deve loped  a p h y s i c a l l y  r a t i o n a l  t h e o r y  t h a t  
c a n  p r e d i c t  s t a r t i n g  motor t r a n s i e n t s  f o r  m o t o r s  
w i t h  head-end  pyrogen  i g n i t e r s .  

2 .  The comple t e  t r a n s i e n t  i s  p r e d i c t a b l e ,  i n c l u d i n g  t h e  
f l a m e  s p r e a d i n g  i n t e r v a l .  

3 .  A m a r g i n a l  i g n i t e r  c a n  l e a d  t o  a h a n g f i r e ,  and t h e  
boundary between a s a t i s f a c t o r y  i g n i t e r  and a n  u n s a t -  
i s f a c t o r y  one  i s  v e r y  narrow.  

Cont inued  on n e x t  page.  



4 .  Addit ion of  aluminum powder t o  a p r o p e l l a n t  ac t s  t o  s l o w  
down t h e  i g n i t i o n  t r a n s i e n t  by i n c r e a s i n g  t h e  thermal  
d i f f u s i v i t y .  However, s i n c e  the a d d i t i o n  of  aluminum 
changes t h e  burn ing  r a t e  th is  p r e d i c t i o n  may be a l t e r e d .  

P r e s s u r e  overshoots  can  be caused e i ther  by t o o  v igor -  
ous  an  i g n i t e r  o r  by a s low, long-dura t ion  i g n i t e r  [pre-  
h e a t i n g  of t h e  p r o p e l l a n t  su r f ace . ]  

to t a k e  care of back-end i g n i t i o n  c o n f i g u r a t i o n s ,  s m a l l  
p o r t - t o - t h r o a t  d e s i g n s ,  e tc .  

5. 

6 .  Extens ions  a r e  needed i n  t h e  a n a l y t i c a l  p r e d i c t i o n  method 



1. 

2 .  

3 .  

4 .  

5. 

6 .  

7. 

FUTURE EXTENSIONS OF THEORY 

Smal l  p o r t - t o - t h r o a t  a r e a  r a t i o s  ( h i g h  
v o l u m e t r i c  l o a d i n g ) .  

G a s - l e s s  i g n i t e r s  and  i g n i t e r s  w i t h  
i n t e n s e  r a d i a t i o n .  

M u l t i - p e r f o r a t e d  g r a i n s .  

A f t  end i g n i t i o n  and f l a m e  s p r e a d i n g  i n t o  
s t a g n a n t  r e g i o n s .  

Nonsteady s t a t e  b u r n i n g  r a t e  e f f e c t s  f o r  
v e r y  r a p i d  t r a n s i e n t s .  

Erosive b u r n i n g  e f f ec t s .  

S e l f  h e a t i n g  i n  m a r g i n a l  i g n i t i o n  s i t u a t i o n s .  

I 



APPENDIX A 

The fo l lowing  m a t e r i a l  is  taken  from a movie 

which  was p a r t  of the p a p e r  p r e s e n t a t i o n .  



-- 

THE IGNITION TRANSIENT OF 

A SOLID PROPELLANT MOTOR 

An Exper imen ta l  S tudy  Showing 

T e s t  F i r i n g s  o f  a L a b o r a t o r y  Rocket  Motor 
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P r e p a r e d  f o r  P r e s e n t a t i o n  a t  
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A, b a s i c  r e s e a r c h  program s p o n s o r e d  by 

The N a t i o n a l  A e r o n a u t i c s  and  Space  A d m i n i s t r a t i o n  

u n d e r  Gran t  NGR 31 -001-109  and 

s u p e r v i s e d  by t h e  Langley  R e s e a r c h  C e n t e r  
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I N T R O D U C T I O N  

The i g n i t i o n  t r a n s i e n t  c a n  be d i v i d e d  i r i t o  

t h r e e  d i s t  i n c  t i n t e r v a l  s : 

1. I n d u c t i o n  I n t e r v a l  - The t ime from t h e  

f i r s t  a p p l i c a t i o n  of t h e  i g n i t e r  s t i m u l u s  t o  

t h e  exposed  s u r f a c e  o f  t h e  g r a i n  u n t i l  t h e  

a p p e a r a n c e  o f  t h e  f i r s t  f lame.  

2 .  Flame S p r e a d i n g  I n t e r v a l  - The t i m e  f rom 

t h e  a p p e a r a n c e  o f  t h e  f i r s t  f l a m e  u n t i l  t h e  

e n t i r e  p r o p e l l a n t  g r a i n  i s  b u r n i n g .  

3 .  Chamber F i l l i n g  I n t e r v a l  - The t ime from 

t h e  end o f  f l a m e  s p r e a d i n g  u n t i l  t h e  e q u i l i b -  

r ium p r e s s u r e  i s  a t t a i n e d .  



SCHE MAT I C  
FLAME ‘SPREADING P H A S E  OF 

IGNIT ION INTERVAL 

REPRE SENTAT 1 ON,  

S U C C E S S I V E  P O S I T I O N S  OF SURFACE F L A M E  
A F T E R  S T A R T  OF I G N I T I O N  

Y 
a - F I R S T  

V I S I B L E  
F L A M E  

VISIBLE SURFACE F L A M E  
. .-.-. - -- - - -. -. _ . _ _ _  . / 

c: - AILMOST 
F U L L Y  
I G N I T E D  

4 9  



100 

50 

PRESSURE TRANSIENT DURING 
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FLAME SPREADING 

/FLAME SPREADING 

I I 
FIRST APPEARANCE O F  FLAME 

’& END OF TORCH FIRING 

STEADY FLOW PRIOR TO 
MAIN GRAIN IGNITION 
FIRING OF IGNITER TOR.CH 

0 
0 0.1 0.2 0.3 0.4 0.5 0.1 

TIME, SEC 



T h i s  f i l m  d e a l s  w i t h  t h e  f lame s p r e a d i n g  

i n t e r v a l s  f o r  t h r e e  s i t u a t i o n s  o f  p a r t i c u l a r  i n -  

t e r e s t :  

1. Flame s p r e a d i n g  over  a n  u n a l u m i n i z e d  

p r o p e l l a n t  g r a i n .  

2 .  Flame s p r e a d i n g  over  an  a l u m i n i z e d  p r o -  

p e l l a n t  g r a i n .  

3 .  Flame s p r e a d i n g  d u r i n g  a h a n g f i r e .  

. F i r s t ,  some d e s c r i p t i o n  of  t h e  l a b o r a t o r y  

motor  and p y r o g e n - t y p e  i g n i t e r  - - -  



EXPERIMENTAL MOTOR 

The e x p e r i m e n t a l  motor  was a p p r o x i m a t e l y  

s q u a r e  i n  c r o s s - s e c t i o n  ( I 1 )  x 3 / 4 ” ) .  One s i d e  

w a l l  had a P l e x i g l a s  window p e r m i t t i n g  p h o t o g r a -  

p h i c  o b s e r v a t i o n  o f  t h e  f l a m e  i n s i d e  t h e  chamber .  

The t y p i c a l  n o z z l e  t h r o a t  was 1 / 4  i n c h  i n  d iam-  

e t e r .  

100  t o  8 0 0  p s i a .  The t y p i c a l  t h r u s t  l e v e l  was 

a b o u t  1 5  l b s .  

The chamber p r e s s u r e  r anged  from a b o u t  



I G N I T E R  

I g n i t i o n  was a c h i e v e d  w i t h  t h e  h o t  g a s e s  

f rom a methane-oxygen combustor  f i t t e d  t o  t h e  

f o r w a r d  end of  t h e  r o c k e t  mo to r ,  which i n  t u r n  

w a s  s t a r t e d  by f a s t  a c t i o n  v a l v e s  and i g n i t e d  

by a s p a r k .  

g a s  was e s t i m a t e d  t o  be 2500'K. 

mass f l o w  r a t e  was s e t  a t  a b o u t  0.018 l b m / s e c ,  

which  e s t a b l i s h e d  p r e - i g n i t i o n  p r e s s u r e s  i n  t h e  

r o c k e t  motor  r a n g i n g  from 30 t o  90  p s i a ,  depen-  

The t e m p e r a t u r e  o f  t h e  h o t  i g n i t e r  

The i g n i t e r  

d i n g  on  t h e  e x h a u s t  n o z z l e  d i a m e t e r .  



MOVIE SCENE 1 

This p i e c e  o f  film shows a view of  t h e  expe r i -  

mental  motor and the pyrogen-type i g n i t e r  mounted 

on t h e  t e s t  s t and .  A view of  t h e  sur rcunding  t e s t  

c e l l  i s  a l s o  shown. 

. 



PROPELLANT GRAIN 

The p r o p e l l a n t  g r a i n  was a t h i n ,  f l a t  s l a b  

3 / 4  i n c h  wide by 9 1 / 2  i n c h e s  l o n g ,  weighing  

a b o u t  50 grams.  The p r o p e l l a n t  was a c o m p o s i t e  

PBAA-Epon 8 2 8 / A P  t y p e  made i n  o u r  own l a b o r a -  

t o r i e s .  The bu rn ing  r a t e  a t  1 0 0 0  p s i a  was 0 .30  

i n . / s e c  and 0.13 i n . / s e c  a t  1 0 0  p s i a .  The meas 

u r e d  i g n i t i o n  t e m p e r a t u r e  was abou t  4 2 O o C .  

I 



CASE 1: 

FLAME SPREADING CVER AN UNALUMINIZED PROPELLANT 

P r o p e l l a n t :  PBAA(ZO%)/AP(80%) 



You w i l l  s e e  a v i e w  of t h e  t e s t  r o c k e t  motor  

showing t h e  window t h r o u g h  which t he  p r o p e l l a n t  

f l ame  w i l l  be  s e e n .  A f t e r  v i ewing  t h e  moto r ,  t h e  

i l l u m i n a t i o n  w i l l  go o u t  and t h e n  t h e  i g n i t e r  w i l l  

s t a r t .  A f t e r  a s h o r t  t i m e  ( an  i n d u c t i o n  i n t e r v a l  

o f  abou t  4 0  msec ) ,  t h e  l e a d i n g  edge  o f  t h e  p r o -  

p e l l a n t  g r a i n  w i l l  s t a r t  t o  b u r n .  Flame s p r e a d -  

i n g  w i l l  t h e n  e n s u e ,  running  from l e f t  t o  r i g h t .  

( f r aming  r a t e :  2000  f r a m e s / s e c )  



MOVIE SCENE 2 

This p i e c e  o f  film shows a c lose-up view of 

the exper imenta l  motor showing the o b s e r v a t i o n  

window. The flame spreading  over  an unaluminized 

p r o p e l l a n t  g r a i n  i s  then  seen .  





WHAT YOU SAW I N  THE FIRING TEST 

Af te r  a n  i n d u c t i o n  p e r i o d  ( n o t  a l l  o f  i t  

was shown) i n  which no f l a m e  was s e e n  on t h e  p r o -  

p e l l a n t ,  you s a w  i g n i t i o n  t a k e  p l a c e  a t  t h e  l e a d -  

i n g  edge .  A s  t h e  f l ame  advanced  t o  t h e  r i g h t  ( t o -  

ward t h e  e x i t  n o z z l e ) ,  b i t s  o f  flame a p p e a r  a t  

i s o l a t e d  s p o t s  ahead of t h e  main f l a m e  f r o n t .  

These  f l a m e l e t s  d i d  n o t  s p r e a d  ( t h e o r y  s a y s  t h e y  

s h o u l d  n o t )  and t h e y  e v e n t u a l l y  were o v e r t a k e n  by 

t h e  main f l a m e .  



CASE 2: 

FLAME SPREADING OVER AN ALUMINIZED PROPELLANT 

Propellant : PBAA( 17 % )  /AP (68 %) /A1 (1 5%) 



THE IMPORTANT FEATURES TO BE OBSERVED A R E :  

1. P a r t i c l e s  o f  m o l t e n  aluminum c a n  be s e e n  r i s i n g  from 

t h e  i g n i t e d  p o r t i o n  o f  t h e  g r a i n  and e n t e r i n g  t h e  main  g a s  

s t r e a m .  Many a r e  s e e n  r o l l i n g  down t h e  s u r f a c e .  

2 .  I n  g e n e r a l ,  t h o s e  p a r t i c l e s  t h a t  h i t  t h e  u n i g n i t e d  s u r -  

f a c e  do n o t  a t t a c h  themse lves  t h e r e  o r  c a u s e  any  s i g n i f i -  

c a n t  s p r e a d  o f  i g n i t i o n  a s  t h e y  t r a v e l  downstream. 

3 .  I n  s h o r t ,  t h e  flame s p r e a d i n g  o v e r  a l u m i n i z e d  p r o p e l -  

l a n t  i s  v e r y  s i m i l a r  t o  f lame s p r e a d i n g  o v e r  una lumin ized  

p r o p e l l a n t .  The q u a n t i t y  of  h o t  aluminum p a r t i c l e s  l i b e r -  

a t e d  from t h e  g r a i n  a r e  n o t  s u f f i c i e n t  t o  augment s i g n i f i -  

c a n t l y  t h e  s p r e a d  o f  i g n i t e d n e s s .  
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MOVIE SCENE 3 

This p i e c e  of film shows t h e  flame sp read ing  

over  an aluminized p r o p e l l a n t  g r a i n .  



CASE 3: 

FLAME SPREADING DURING A HANGFIRE 

When t h e  i g n i t e r  h e a t  s t i m u l u s  i s  s t o p p e d  

t o o  soon a f t e r  t h e  s t a r t ,  so t h a t  t h e  s m a l l  p o r -  

t i o n  o f  t h e  p r o p e l l a n t  g r a i n  t h e n  b u r n i n g  g e n -  

e r a t e s  i n s u f f i c i e n t  h o t  gas  t o  c a r r y  o u t  r a p i d  

c o m p l e t i o n  o f  f l a m e  s p r e a d i n g ,  a h a n g f i r e  w i l l  

o c c u r .  

P r o p e l l a n t  : PBAA(20%) /AP (8 0%) 



THE IMPORTANT F E A T U R E S  TO B E  OBSERVED A R E :  

1. Rapid f l a m e  s p r e a d i n g  o c c u r s  r i g h t  a f t e r  t h e  

a p p e a r a n c e  o f  t h e  f i r s t  f l ame  and c o n t i n u e s  u n -  

til a p p r o x i m a t e l y  2 5 %  of  t h e  g r a i n  i s  i g n i t e d .  

2 .  The f l a m e  s p r e a d i n g  r a t e  i s  markedly  r e d u c e d ,  

n e a r l y  t o  z e r o ,  r i g h t  a f t e r  t h e  i g n i t e r  s t i m u l u s  

i s  removed. 

3 .  F i n a l l y ,  a f t e r  a long  d e l a y ,  r a p i d  f l a m e  

s p r e a d i n g  t a k e s  p l a c e  ove r  t h e  r ema inde r  o f  t h e  

g r a i n .  
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MOVIE SCENE 4 

T h i s  p i e c e  of f i l m  shows t h e  f l ame  s p r e a d i n g  

o v e r  an una lumin ized  p r o p e l l a n t  g r a i n  d u r i n g  a 

h a n g f i r e  s i t u a t i o n .  
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